The axon initial segment (AIS) is the site of action potential initiation in neurons. Recent studies have demonstrated activity-dependent regulation of the AIS, including homeostatic changes in AIS length, membrane excitability, and the localization of voltage-gated Na ϩ channels. The neurodevelopmental disorder Angelman syndrome (AS) is usually caused by the deletion of small portions of the maternal copy of chromosome 15, which includes the UBE3A gene. A mouse model of AS has been generated and these mice exhibit multiple neurological abnormalities similar to those observed in humans. We examined intrinsic properties of pyramidal neurons in hippocampal area CA1 from AS model mice and observed alterations in resting membrane potential, threshold potential, and action potential amplitude. The altered intrinsic properties in the AS mice were correlated with significant increases in the expression of the ␣1 subunit of Na/K-ATPase (␣1-NaKA), the Na ϩ channel NaV1.6, and the AIS anchoring protein ankyrin-G, as well as an increase in length of the AIS. These findings are the first evidence for pathology of intrinsic membrane properties and AIS-specific changes in AS, a neurodevelopmental disorder associated with autism.
Introduction
Angelman syndrome (AS) is a neurodevelopmental disorder that is associated with symptoms that include autism, mental impairment, motor abnormalities, and epilepsy (Lossie et al., 2001; Williams et al., 2006) . In most cases, AS is caused by the deletion of small portions of the maternal copy of chromosome 15, which includes the UBE3A gene (Knoll et al., 1989; Kishino et al., 1997; Matsuura et al., 1997; Sutcliffe et al., 1997) , via a phenomenon known as "imprinting," and is observed in specific brain areas (Albrecht et al., 1997; Jiang et al., 1998a) . The UBE3A gene encodes an enzyme termed ubiquitin ligase E3A (also termed E6-AP), which is one of a family of enzymes that covalently attaches polyubiquitin chains to proteins to signal for their recognition and degradation by the 26S proteasome. A mouse model of AS has been generated that exhibits seizures and impaired motor function, as well as abnormalities in neuronal morphology, synaptic function, and cognition that correlate with neurological alterations observed in humans with AS (Jiang et al., 1998b) .
One of the main loci in the brain that has been shown to be impaired in AS model mice is the hippocampus. Hippocampusdependent learning and memory as well as long-term potentiation, a cellular model for learning and memory, are both impaired in AS model mice (Jiang et al., 1998b; van Woerden et al., 2007) . Neurons are divided into two major compartments, the somatodendritic compartment and the axonal compartment, each with its own unique structure and protein composition. Previous studies of AS model mice have focused exclusively on abnormalities in synaptic structure and function, with no studies examining the axonal compartment or intrinsic membrane properties. Changes in axonal excitability affect action potential firing probability and could contribute to AS pathology.
Action potentials are initiated at the axon initial segment (AIS), a specialized membrane domain characterized by highdensity clusters of voltage-gated Na ϩ and K ϩ channels that regulate neuronal output . Voltage-gated Na ϩ channels are recruited to the AIS and stabilized at the membrane through interactions with ankyrin-G (Zhou et al., 1998; Garrido et al., 2003; Lemaillet et al., 2003) . Thus, action potential initiation threshold is lowest at the AIS . Recent evidence shows that neuronal activity can alter AIS structure, leading to changes in neuronal excitability (Grubb and Burrone, 2010; Kuba et al., 2010) ; therefore, plastic changes at the AIS may contribute to homeostatic regulation of membrane excitability.
Here, we examined the intrinsic properties of pyramidal neurons in hippocampal area CA1 from AS model mice and observed altered intrinsic membrane properties that were correlated with significant increases in the expression of ␣1-NaKA and specific AIS proteins, as well as an increase in length of the AIS. These findings are intriguing given recent studies that indicate that the AIS can be modified in response to altered neuronal excitability (Grubb and Burrone, 2010; Kuba et al., 2010) . Thus, our results suggest that altered intrinsic membrane properties and structural changes at the AIS contribute to pathophysiology in AS model mice.
Materials and Methods
Mice. AS model mice on a C57BL/6 background, ages 8 -12 weeks (unless otherwise specified), were generated and genotyped using specific primers as described previously (Jiang et al., 1998b) . Mice for experiments were bred from a female that was a heterozygous for the deletion of Ube3a from a paternal origin (Ube3a pϪ/mϩ ) and a wild-type male. For all experiments using AS model mice, wild-type littermates were used as controls. All mice were housed in the Transgenic Mouse Facility of New York University, compliant with the NIH Guide for Care and Use of Laboratory Animals. Mice were kept on a 12 h light/dark cycle, with food pellets and water ad libitum.
Tissue preparation for Western blots. AS mice and wild-type littermates mice were decapitated, the brain was quickly extracted, and hippocampi from both hemispheres were removed in an ice-cold cutting solution (CS) containing the following (in mM): 110 sucrose, 60 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 28 NaHCO 3 , 0.5 CaCl 2 , 7 MgCl 2 , 5 glucose, and 0.6 ascorbate, and immediately snap-frozen on dry ice. Frozen hippocampi were placed in ice-cold lysis buffer containing the following (in mM): 40 HEPES, pH 7.5, 150 NaCl, 10 pyrophosphate, 10 glycerophosphate, 1 EDTA and 0.3% CHAPS, Protease Inhibitor II, Phosphatase Inhibitor Cocktail I, II (Sigma), and homogenized by sonication. Protein quantification was performed with BCA (bicinchoninic acid) protein assay reagent (Thermo Scientific).
Western blots. After homogenization and protein quantification, protein samples were added to ␤-mercaptoethanol-containing SDS sample buffer and heated for 2 min in 60°C before loading on SDS-polyacrylamide gels. After heating the samples, 4 -20 g of protein (depending on the specific protein and the linear range of detection) were loaded on 4 -12% gradient SDS-PAGE gels, resolved, transferred to PVDF membranes, and probed with primary antibodies using standard techniques. The primary antibodies and the dilutions for the Western blots used in these studies are as follows: ankyrin-B 1:1000 (Invitrogen); NaV1.6 1:500 (Sigma-Aldrich); ERK 1:1000 (Cell Signaling Technology); NF-186, PP2A 1:1000 (Millipore); Kv1.1, Kv1.2, and KCNQ2 1:500, NaV1.1 and NaV1.2 1:1000 (Neuromab); ␣1-NaKA, NrCAM, HCN2/4 1:1000 (Abcam); FGF14 1:200, cofilin, KCNQ3, and HCN1 1:500, ankyrin-G, IP3R, and ␤IV-spectrin 1:1000, ␤-actin and GAPDH 1:5000 (Santa Cruz Biotechnology); ␣3-NaKA 1:1000 (Thermo Scientific). Secondary antibodies were HRP conjugated. All blots were developed using enhanced chemiluminescence detection (GE Healthcare). The bands of each Western blot were imaged and quantified using the KODAK 4000MM imaging system. All signals were obtained in the linear range for each antibody, normalized by total protein, and quantified via densitometry. Data represent mean Ϯ SEM. A Student's t test was used for Western blot analysis with p Ͻ 0.05 as significance criteria.
Intracellular electrophysiology. Brains from AS model mice and their wild-type littermates were quickly removed and transverse hippocampal slices (300 m) were isolated with a Leica VT1200 Vibratome. This part of the slicing was done in ice-cold cutting solution (in mM): 110 sucrose, 60 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 28 NaHCO 3 , 0.5 CaCl 2 , 7 MgCl 2 , 5 glucose, 0.6 ascorbate. Slices recovered for 45 min at 35°C in artificial CSF (ACSF) containing the following (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 25 D-glucose, 2 CaCl 2 , and 1 MgCl 2 ACSF, followed by additional recovery for 30 min in room-temperature ACSF. After initial recovery, slices were placed in a submerged chamber and maintained at 22°C in ACSF (2 ml/min). Slices were allowed to recover for an additional 60 min on the electrophysiology rig before experimen-
Figure1
. AlteredintrinsicpropertiesinhippocampalCA1pyramidalneuronsfromASmodelmiceandtheirwild-typelittermateswitheitherno current injection (Iϭ0) or constant current injection to bring the resting potential to Ϫ60 mV. A, Sag potential. B, Representative superimposed traces of sag potentials from wild-type (WT) and AS mice. C, Threshold potential. D, Action potential amplitude. E, Action potential full-width at half-maximum. F, Representative superimposed traces of action potentials from WT and AS mice. G, Maximal rate of rise (dV/dt) of the action potential.H,SampleofsuperimposedactionpotentialtracefromanASmouseonitsrelateddV/dtcurvetoillustratethemethodfordeterminingthe threshold.Bluepointistheprojectionof30V/sfromthedV/dtcurveontheactionpotentialtrace,whichshowsthedeflectionpointofthethreshold. (ForallIϭ0experiments,WT:nϭ15cells,5mice;AS:nϭ15cells,5mice;forallcurrentinjectiontotherestingpotentialofϪ60mV,WT:nϭ18 cells,5mice;AS:nϭ18cells,5mice).Asterisksdenotestatisticalsignificance(*pϽ0.05;**pϽ0.01)withaStudent'sttest. tation. All solutions were constantly carboxygenated with 95% O 2 ϩ 5% CO 2 . Hippocampal CA1 pyramidal cells were illuminated and visualized using a ϫ60 water-immersion objective mounted on a fixed-stage microscope (BX51-WI, Olympus), and the image was displayed on a video monitor using a charge-coupled device camera (Hamamatsu). Recordings were amplified by multiclamp 700B and digitized by Digidata 1440 (Molecular Devices). The recording electrode was pulled from a borosilicate glass pipette (3-5 M⍀) using an electrode puller (P-97; Sutter Instruments) and filled with a K-gluconate-based internal solution (in mM): 120 K-gluconate, 20 KCl, 10 HEPES, 2 MgCl 2 , 4 Na 2 ATP, 0.5 TrisGTP, 14 phosphocreatine, osmolarity 290 mOsm and pH 7.3. The recording glass pipettes were patched onto the CA1 pyramidal cells' soma region. Voltages for liquid junction potential (ϩ14 mV) were not corrected online. All current-clamp recordings were low-pass filtered at 10 kHz and sampled at 50 kHz. Series resistance was compensated and only series resistance Ͻ20 M⍀ was included in dataset. Pipette capacitance was ϳ99% compensated. The method for measuring active intrinsic properties was based on a modified version of . After initial assessment of the current required to induce an action potential at 15 ms from the start of the current injection with large steps (50 pA), we injected a series of brief depolarizing currents for 30 ms in steps of 10 pA increments. The first action potential that appeared on the 15 ms time point was analyzed. A curve of dV/dt was created for that trace, and threshold was considered as the 30 V/s point in the rising slope of the action potential. Series resistance, input resistance, and membrane capacitance were monitored during the entire experiment. Changes of these parameters, from beginning to end of experiment, larger than 10% were criteria for exclusion of data. Data analysis was done with Clampfit (Molecular Devices). Two-tailed Student's t test was used for electrophysiological data analysis with p Ͻ 0.05 as significance criterion.
Immunostaining. Mice were deeply anesthetized with isoflurane before transcardial perfusion with ice-cold 4% PFA in 0.1 M Na-phosphate buffer (PB, pH 7.2). Brains were postfixed in 4% PFA 0.1 M PB for 1 h and equilibrated in 20% sucrose 0.1 M PB over 48 h. Afterward, 25 m coronal slices containing the hippocampal formation were cut on a microtome and washed in 0.1 M PB. Slices were mounted on gelatincoated coverslips, then blocked in 10% normal goat serum 0.1 M PB containing 0.3% TX-100 (PBTgs). Tissue was incubated overnight at 4°C in primary antibodies diluted in PBTgs. Primary antibodies were removed by washing the tissue 3 times for 5 min with PBTgs. Alexa594-conjugated goat anti-mouse and Alexa488-conjugated goat anti-rabbit (1:1000) secondary antibodies diluted in PBTgs were applied for 1 h at RT and used to visualize primary antibodies. Fluorescent dye-conjugated secondary antibodies were purchased from Invitrogen. Excess secondary antibodies were removed by consecutive 5 min washes with PBTgs, 0.1 M PB, and 0.05 M PB. Fluorescence imaging was performed on an AxioImager Z1 microscope (Carl Zeiss MicroImaging) fitted with an AxioCam digital camera (Carl Zeiss MicroImaging). AxioVision acquisition software (Carl Zeiss MicroImaging) was used for collection of images. Comparison of WT and AS tissue was performed on slices prepared in parallel and images were acquired at identical exposure times. Experiments were performed at least in triplicate. Fluorescence intensity (F.I.) was measured using ImageJ (NIH). In some images, contrast and brightness were subsequently adjusted in a linear fashion using Photoshop (Adobe); any adjustments made to one image were applied to all images in the same dataset. No additional processing of images was performed. Antibodies for immunostaining. The following primary antibodies were used: rabbit anti-Nav1.6 (Rasband et al., 2003) , mouse anti-␣1-NaKA (Millipore, clone C464.6), mouse anti-␣3-NaKA (Thermo Scientific), rabbit anti-␤IV-spectrin (Yang et al., 2004) , mouse anti-ankyrinB (NeuroMab, clone N105/17), mouse anti-ankyrinG (NeuroMab, clone N106/ 36), mouse anti-neurofascin186 (clone L11A/41.6) (Schafer et al., 2004) , rabbit anti-NrCAM (Abcam, clone ab24344), mouse anti-Pan Nav (Sigma, clone K58/35), mouse anti-FGF14 (NeuroMab, clone N56/21), rabbit anti-Kv1.2 (Rhodes et al., 1995) , and rabbit anti-calbindin (Sigma, C2724). Hoechst staining was used to identify cell bodies in a subset of tissue slices.
AIS length quantification. AIS length was determined by line-scan length quantification of ankyrin G immunosignal in ImageJ (NIH). For quantification, we measured the length of AIS contained within either a single image plane or through three-dimensional space in consecutive Z-stack images. Anti-ankG immunosignal was uniformly distributed throughout the AIS, providing a stark contrast in fluorescence intensity values at the axon-hillock-to-AIS and AIS-to-distal-axon transitions. Thus, to determine AIS length, we generated fluorescence intensity plots of ankG immunoreactivity and calculated the first derivative of the resulting intensity curve. The start and endpoints of the AIS were defined as the maximum and minimum values, respectively, of the derivative curve.
Statistical analysis. Two-tailed Student's t tests and ANOVA (two-way or repeated measures) were used where appropriate. Results are displayed as mean Ϯ SEM.
Results

CA1 pyramidal neurons exhibit altered intrinsic passive and active membrane properties
Because AS model mice exhibit aberrant hippocampal function, we examined the intrinsic properties of hippocampal CA1 pyra- Increased expression of NaV1.6 and ␣1-NaKA in AS model mice. A-C, Western blots of hippocampal homogenates from AS mice and their WT littermates were probed with antibodies to proteins potentially related to the altered intrinsic properties in the AS mice. Actin and GAPDH were used as loading controls and were quantified as a reference in the same blot for each protein.
(WT: n ϭ 9 mice; AS: n ϭ 11 mice). * denotes statistical significance ( p Ͻ 0.05) with a Student's t test.
midal neurons in AS model mice. The intrinsic properties were measured with whole-cell recordings in current-clamp mode. Examination of passive intrinsic properties revealed that the initial resting potential in the AS mice was more hyperpolarized when compared to wild-type littermates (Table 1) . Time constants and input resistances of CA1 pyramidal neurons for both genotypes were similar (Table 1 ). The sag potential was significantly smaller (Fig. 1 A, B) and the threshold potential was lower in AS mice, similar to the resting potential (Fig. 1C) . We also found that the action potential amplitude and its maximal rate of rise (dV/dt) were larger in AS mice than in wild-type mice, but the action potential full-width at half-maximum was similar (Fig.  1 D-G) . To determine whether the aforementioned differences in intrinsic properties were a consequence of hyperpolarization of the resting potential, we examined these properties in current-clamp mode while holding the CA1 pyramidal neurons at a resting potential of Ϫ60 mV with current injection. Under these conditions, the sag potential in the AS mice was no longer different from wild-type mice (Fig. 1A) , but all of the other parameters remained significantly different (Fig. 1C-G) . These dissimilarities in the intrinsic properties Figure 3 . Localization of the increased levels of NaV1.6 and ␣1-NaKA in AS model mice. A-C, IF scans of NaV1.6, ␣1-NaKA, and ␣3-NaKA respectively, in hippocampal areas CA1 and CA3, and the somatosensorycortex.Thebottomframeineachcolumnofallpanelsisanoverviewoftheentirehippocampalregion.ExpressionofNaV1.6(A)and␣1-NaKA(B)isincreasedinpyramidalneuronsofhippocampal subregionsCA1andCA3,butnotinthesomatosensorycortex.C,␣3-NaKAIFissimilarbetweenASmiceandWTlittermates.Scalebar,40m.D,QuantificationofF.I.inthevarioussubregions(WTandAS:nϭ 30 -40 slices, 4 mice for NaV1.6; WT and AS: n ϭ 7 slices, 4 mice for ␣1-NaKA; WT and AS: n ϭ 12, 4 mice for ␣3-NaKA). E,IFof␣1-NaKA in hippocampal area CA1 shows increase in the soma area (taken as a ratio to DAPI) and in the dendritic area (taken as a ratio to MAP2). The last two scans on the right side of each row is an overview of the entire hippocampal region. F, Quantification of F.I. results of relative ␣1-NaKAintheCA1intracellularsubregions(somaanddendrites).G,Westernblotanalysisofproteinsthatinteractwith␣1-NaKA(cofilin,IP3R,andPP2A)fromhippocampalhomogenatesshowsnoalterations in their expression in AS mice (WT: n ϭ 9 mice; AS: n ϭ 11 mice). ** denotes statistical significance (p Ͻ 0.01) with a Student's t test.
of CA1 pyramidal neurons in AS mice and their wild-type littermates suggest that there is a substantial difference in excitability, reflecting alterations in the ionic currents through the membrane during both the resting "passive" state and the firing "active" state of the neurons, and that they are not a mere reflection of the more hyperpolarized resting membrane potential. A sample trace of an action potential from an AS mouse is shown in Figure 1H , to illustrate the method for determining the threshold of an action potential and its maximal rate of rise.
The expression of NaV1.6 and ␣1-NaKA is increased in the AS hippocampus We proceeded to determine the protein expression levels of various ion channels and pumps that could influence the excitability of the CA1 pyramidal neurons in AS model mice, including voltage-dependent Na ϩ channels NaV1.1, NaV1.2, and NaV1.6 (Fig. 2 A) , hyperpolarization-activated channels HCN1 and HCN2 (Fig. 2 B) , and Na ϩ /K ϩ pumps ␣1-NaKA and ␣3-NaKA (Fig. 2C) . Western blots of hippocampal homogenates revealed that the expression levels of most of these proteins in AS mice were similar to that of their wild-type littermates, except for NaV1.6 and ␣1-NaKA. Both proteins exhibit a marked increase in expression levels in the hippocampus of AS mice compared to their wild-type littermates (WT ϭ 1.0 Ϯ 0.1, AS ϭ 1.6 Ϯ 0.2, p Ͻ 0.05 for NaV1.6; WT ϭ 1.0 Ϯ 0.1, AS ϭ 1.7 Ϯ 0.2, p Ͻ 0.05 for ␣1-NaKA) (Fig. 2 A, C) .
To confirm the increased expression of Nav1.6 and ␣1-NaKA and to determine the localization of these proteins, we performed immunofluorescence microscopy (IF) using hippocampi from AS and wild-type mice. Similar to the Western blot analysis, we observed increases in NaV1.6 and ␣1-NaKA immunofluorescence intensity in the CA1 and CA3 hippocampal subregions in AS mice (Fig. 3 A, B) . Interestingly, the increased expression levels of NaV1.6 and ␣1-NaKA was unique to the hippocampus as we did not observe altered expression of either protein in the somatosensory cortex of the AS mice (Fig. 3 A, B) . ␣3-NaKA IF was not altered (Fig. 3C) , consistent with the results of Western blot analysis. Quantification of the differences in IF intensity between AS and WT mice in CA1, CA3, and somatosensory cortex is shown in Figure 3D . It should be noted that the increased expression of NaV1.6 in the AS mice was generally restricted to the AIS (Fig. 3A) , whereas the increase in ␣1-NaKA was throughout the entire somatodendritic region of areas CA1 and CA3 (Fig. 3B ). The differences in ␣1-NaKA immunoreactivity between AS and wild-type mice for the CA1 pyramidal cell body layer (in relation to DAPI staining) and for the dendrites in the stratum radiatum (in relation to MAP2 staining) were further quantified and found to be significantly elevated in both subcellular locations in the AS mice (Fig. 3 E, F ) .
Because ␣1-NaKA is known to interact with multiple proteins, we examined the expression of some of these proteins, including cofilin (Lee et al., 2001 ), IP3R (Miyakawa-Naito et al., 2003) , and PP2A (Rajasekaran et al., 2007) . However, none of the aforementioned proteins exhibited altered protein expression levels in the AS mice (Fig. 3G) .
Ankyrin-G expression is increased in the hippocampus of AS mice
NaV1.6 and ␣1-NaKA share a common binding partner in the cytoskeletal adaptor protein ankyrin-G, and ␣1-NaKA also directly interacts with ankyrin-B. Therefore, we determined whether the AS mice exhibited altered expression of ankyrins. Western blot analysis revealed that AS mice exhibit increases in both ankyrin-B and ankyrin-G, especially the higher-molecularweight isoforms that are thought to bind to sodium channels with high affinity (Fig. 4 A) .
The increases in ankyrin-B and ankyrin-G protein expression levels in the hippocampus of AS mice was confirmed by IF, with increased immunoreactivity for both ankyrins shown in all hippocampal subregions of the AS mice (Fig. 4 B, C) . In addition, the increased expression of ankyrin-G in the AS mice was restricted to the AIS (Fig. 4C) . In contrast to the hippocampus, no increase in the expression of either ankyrin was observed in the somatosensory cortex (Fig. 4 B, C) . The expression of another AISspecific protein that binds ankyrin-G, ␤IV-spectrin, was unaltered in the hippocampus of AS mice (Fig. 4 D) . Quantification of ankyrin-B and ankyrin-G IF in the CA1, CA3, and somatosensory cortex is shown in Figure 4 E.
Because ankyrin-G is located exclusively at the AIS and regulates the molecular assembly of this region, we examined the expression of proteins that interact with ankyrin-G, including NF186, NrCAM, ␤IV-spectrin, KCNQ2, and KCNQ3 (Fig. 5A) , as well as other proteins that are known to be located at the AIS, including Caspr2, ADAM22, Kv1.1, Kv1.2, and FGF14 (Fig. 5B) . Surprisingly, the levels of these AIS-related proteins were unaltered in the AS model mice (Fig. 5 A, B) . We also applied IF scanning to some of these AIS-specific proteins, and except for sodium channels and ankyrin-G, we observed no differences in their levels in the AS mice (Fig. 6 A-C) , consistent with the Western blot analysis. Thus, in the hippocampus of AS mice, the AIS displays an exclusive increase in the expression and density of ankyrin-G and NaV1.6, but not of other scaffold proteins or ion channels.
CA1 and CA3 pyramidal neurons exhibit increased AIS length in AS mice
Because both NaV1.6 and ankyrin-G are enriched predominantly at the AIS, and ankyrin-G is the central organizing protein of that region, we examined the morphology of the AIS in area CA1 and CA3 of the AS mice. We observed a significant increase in AIS length in the AS mice compared to WT littermates (WT ϭ 28.3 Ϯ 0.3 m, AS ϭ 33.1 Ϯ 0.4 m, p Ͻ 0.0001 t test; and WT ϭ 29.8 Ϯ 0.2 m, AS ϭ 33.8 Ϯ 0.3 m, p Ͻ 0.0001 t test; for CA1 and CA3 respectively) (Fig. 7A) . This morphological alteration of the AIS was unique to the hippocampus, with no comparable elongation of the AIS in the somatosensory cortex of the AS mice (WT ϭ 23.8 Ϯ 0.2 m, AS ϭ 24.3 Ϯ 0.2 m) (Fig. 7A) . High-magnification scans of the AIS with NaV1.6 and ankyrin-G costaining in the various regions are shown in Figure 7B , and the lower-magnification source images from which these AIS scans were taken are shown in Figure 8 A-C. It also is evident that the fluorescent intensity for NaV1.6 and ankyrin-G is stronger in the AIS of the AS mice than in their wild-type littermates.
Together with the results described in Figures 1-6 , these findings suggest that excitability changes in the hippocampus of AS mice result in altered intrinsic membrane properties, NaV1.6 and ankyrin protein expression levels, and AIS length, and share some similarities to activity-dependent changes in the AIS observed in avian brainstem auditory neurons (Kuba et al., 2010) .
␣1-NaKA, NaV1.6, and ankyrin-G do not coimmunoprecipitate with E6-AP Because E6-AP is an E3-ligase that directs proteins to degradation, and ␣1-NaKA, NaV1.6, and ankyrin-G expression is increased in the hippocampus of AS mice, we hypothesized that they could be E6-AP substrates. Therefore, we investigated whether ankyrin-G, NaV1.6, or ␣1-NaKA could interact with E6-AP. Coimmunoprecipitation reactions were performed on hippocampal slice homogenates to determine whether protein-protein interactions exist between ankyrin-G, NaV1.6, or ␣1-NaKA proteins and E6-AP. However, our coimmunoprecipitations did not reveal any interaction (Fig. 9A) . In addition, we examined the expression levels of ␣1-NaKA, NaV1.6, and ankyrin-G in the somatosensory cortex and found no significant difference between genotypes by either Western blot (Fig. 9B) or IF (Figs. 3, 4) . Further, we confirmed that E6-AP was absent from this region, consistent with previous findings (Gustin et al., 2010) (Fig. 9B) . We also examined homogenates prepared from the cerebellum, a region known to be affected in AS, to examine AIS components in Purkinje cells. Similar to the somatosensory cortex, there were no expression differences in ␣1-NaKA, NaV1.6, or ankyrin-G between wild-type and AS mice (Fig. 9C) , despite the absence of E6-AP in the cerebellum. Cerebellar IF staining for these proteins supported the findings from the Western blot analysis (Fig. 9D) . Together, these findings suggest that ␣1-NaKA, NaV1.6, and ankyrin-G are not substrates of E6-AP and also suggest that changes in the levels of these proteins in the hippocampus of AS mice is specific to alterations in local network activity.
Increased expression ␣1-NaKA precedes increased expression of NaV1.6 and ankyrin-G and is not related to epileptic activity We next examined the expression of ␣1-NaKA, NaV1.6, and ankyrin-G in the hippocampus at different developmental time points. In mice that were 1 week old, the expression of these proteins was similar between the AS mice and their wild-type littermates, despite robust expression of E6-AP in the wild-type mice and its absence in AS mice (Fig. 10 A) . To our surprise, in mice that were 2 weeks of age, there was a large increase in the expression of ␣1-NaKA in the AS mice, whereas ankyrin-G and NaV1.6 levels were unchanged (Fig. 10 B) . These results indicate that the increase in ␣1-NaKA levels takes place first, followed by increases in the levels NaV1.6 and ankyrin-G, and changes in the AIS.
Because AS mice are known to be susceptible to seizures (Jiang et al., 1998b) , we examined whether the alterations in the expression of ␣1-NaKA and ankyrin-G were due to seizures and/or kindling activity. We treated AS mice and their wild-type littermates (3-4 weeks of age) with chronic injections of diazepam for 21 d at a dose (12 mg/kg) that is sufficient to inhibit epileptic activity, and examined the expression of ␣1-NaKA and ankyrin-G. The effect of diazepam injection was clearly seen behaviorally when mice were examined 1 h after the injection as those injected with diazepam became somnolent. We observed no differences in the expression of ␣1-NaKA and ankyrin-G between the vehicle-and diazepam-treated wild-type mice, and the increased expression of the proteins in AS mice remained the same with the diazepam treatment (Fig. 10C,D) . These findings suggest that increased expression of ␣1-NaKA and ankyrin-G in AS mice is not driven by epileptic activity. Moreover, these findings are consistent with previous studies showing that AS mice on a C57BL/6 background, especially in the age range of the mice in our study, are not susceptible to epilepsy (Jiang et al., 1998b ).
Discussion
It is well established that hippocampal function is impaired in AS model mice (Jiang et al., 1998b; Weeber et al., 2003) . Herein we report that pyramidal neurons in hippocampal area CA1 of AS model mice exhibit altered passive and active intrinsic membrane properties (Table 1 , Fig.  1 ) that are correlated with changes in the expression of specific proteins, suggesting potential mechanisms for these alterations. Increased expression of ␣1-NaKA protein levels (Figs. 2, 3) are correlated with the more hyperpolarized resting membrane potential (Table 1) in the AS mice. Increased expression of NaV1.6 and ankyrin-G (Figs. 2-4 ) is correlated with a larger action potential amplitude, increased maximal rate of rise of the action potential, and a lower threshold potential, independent of the resting potential (Fig.  1) . We also observed with IF that the intracellular localization of these proteins was not altered, but the density of their expression in the AIS was higher (Figs. 3,  4) . Furthermore, we observed an increase in the length of the AIS in CA1 pyramidal cells of AS model mice (Fig. 7A) . The aforementioned biochemical and morphological alterations in AS mice also were observed in the hippocampal area CA3. Together, these findings suggest that changes in the expression of AIS-related proteins and morphological alterations at the AIS result in abnormal intrinsic membrane properties in CA1 pyramidal neurons in AS model mice.
It recently was shown that the AIS can be modified in response to changes in neuronal excitability. For example, it was shown that increased neuronal excitability induces movement of the AIS away from the cell body (Grubb and Burrone, 2010) , whereas blockade of presynaptic input results in intrinsic changes including increased action potential amplitude and maximal rate of rise, decreased action potential threshold, and a morphological change of increased AIS length (Kuba et al., 2010) . Our findings in the AS mice share some similarities with the latter studies of blocking the presynaptic input. However, we observed additional, novel AIS modifications including increased expression of the AIS proteins NaV1.6 and ankyrin-G and increased density of these proteins in the AIS (Figs. 3, 4) . Furthermore, we found that these changes were specific only to NaV1.6 and ankyrin-G, and did not apply to other AIS-related proteins (Figs. 5,  6 ). We also found that increased levels of ␣1-NaKA, NaV1.6, and ankyrin-G alterations were not due to epileptic activity, and were not directly related to E6-AP loss of function as an E3 ligase (Figs. 9, 10) .
The similarities between our findings and the blockade of presynaptic input model (Kuba et al., 2010) suggest that alterations at the AIS of AS mice might reflect a response to a reduction in neuronal excitability. Unlike this previous study of presynaptic input blockade, we also observed two additional intrinsic changes that occur outside the AIS region: an increased expression of ␣1-NaKA and a hyperpolarized resting potential (Fig. 1) . Moreover, because ␣1-NaKA levels increase during development before the increase in AIS-related protein (NaV1.6 and ankyrin-G) levels (Fig. 10 A, B) and because in brain regions where there is no increase in ␣1-NaKA there are no AIS-related changes (Fig. 9B-D) , we hypothesize that increases in ␣1-NaKA drive the aforementioned AIS modifications in AS mice. Though these changes are not synaptic, they are consistent with the homeostatic model of intrinsic excitability (Turrigiano and Nelson, 2004) , which posits that when a change in excitability in one direction occurs, the neuron will respond with an excitability change in the opposite direction in an attempt to preserve an overall balance of activity. Furthermore, our findings answer some issues raised in view of the reported AIS alterations (Gründemann and Häusser, 2010) . We show that less crude interventions, even a single genetic manipulation known to induce an autistic phenotype in humans, can result in changes in intrinsic membrane properties and AIS-specific alterations.
In addition to the AIS changes, our findings of increased expression of ␣1-NaKA in AS mice might have other repercussions beyond directly affecting intrinsic properties, such as altering multiple types of calcium signaling (McCarren and Alger, 1987; Blaustein and Lederer, 1999) . The fact that ␣1-NaKA was found to be increased in AS, a neurodevelopmental disorder related to autism, is consistent with a previous report of altered NaKA activity in autistic patients (Al-Mosalem et al., 2009; Ji et al., 2009). Moreover, FXYD1, a known NaKA modulator, is a target protein of MeCP2, which is the affected protein in Rett Figure 9 . Increased expression of ␣1-NaKA, NaV1.6 and ankyrin-G is not directly linked to E6-AP loss of function in AS mice. A, Coimmunoprecipitation experiments of hippocampal slices homogenates indicate that E6-AP does not interact with either ␣1-NaKA or ankyrin-G. Despite a good immunoprecipitation of E6-AP as can be seen in the immunoprecipitated fraction (IP), neither ankyrin-G nor ␣1-NaKA are present in that fraction, and they all stayed in the supernatant fraction (sup). All proteins are clearly seen in the homogenate before immunoprecipitation (input). B, C, Western blots of somatosensory cortical (B) and cerebellar (C) homogenates from AS mice and their WT littermates probed with antibodies to ␣1-NaKA, NaV1.6, ankyrin-G, and E6-AP (WT: n ϭ 6 mice; AS: n ϭ 6 mice). D, IF scans of cerebellar slices from AS mice and their WT littermates, probed for calbindin (as a reference), NaV1.6, and ankyrin-G.
syndrome, another neurodevelopmental disorder (Deng et al., 2007) .
In mouse models of neurodevelopmental disorders, studies have focused almost exclusively on synaptic dysfunction (Boda et al., 2010; van Spronsen and Hoogenraad, 2010; Ey et al., 2011) . To the best of our knowledge, this is the first report to demonstrate altered intrinsic membrane properties, increased expression levels of ␣1-NaKA, and abnormalities in AIS morphology and protein composition in mice that model a human neurodevelopmental disorder. Moreover, our report is one of the first describing the aforementioned AIS pathologies in the mammalian brain in vivo. We suggest that AS model mice might serve as a platform for examining extrasynaptic homeostatic plasticity and its involvement in human neurodevelopmental disorders.
